To discuss the mechanism of muscle strain injury from biomechanical viewpoints, the change of mechanical properties of injured skeletal muscle was evaluated experimentally. We induced strain injury to rabbit tibialis anterior muscle by applying a single tension loading/unloading process under the conditions of various stretch amplitude, stretch rate, and muscle activation in situ. The results showed that isometric contractile force decreased with increasing stretch amplitude during the injury-induction process. Multiple regression analyses were conducted for the results and they showed that the stretch amplitude played a dominant role in the decrease of the contractility. The failure stress decreased significantly with the increasing stretch amplitude and dissipation energy during the injury-induction process. Moreover, the failure stresses of the muscle injured under unstimulated conditions obviously decreased in comparison with those of the muscles in intact and injured under stimulated conditions. On the basis of these results and previous experimental studies, we concluded that muscle activity played a significant roll to prevent the decrease of the failure stress and that the damage mechanism of strain injury depended on the muscle activity during injury-induction process.
Introduction
Skeletal muscle has received a lot of attention in recent years in the field of impact biomechanics. For example, several experimental studies and simulations for car crash safety showed that the muscle contractile force affects the overall kinematics of the human body during whole impact events, occurrence of occupant injuries, and injury severities (1) - (3) . In these accidents, muscle is also subjected to rapid extension and direct impact, which induce muscle injury. Muscle injury causes functional disabilities on body motion and takes long periods to recover. In cases of severe injury, the period for recovery is comparable with that of bone fracture. Therefore, it is very important to elucidate the mechanical and damage properties of skeletal muscle from the viewpoint of injury prevention. Strain injury is one of the most common muscle injuries among athletes, for example, hamstring injuries in football (4) and tennis leg (5) . It is also observed in traffic injury such as whiplash injury (6) . Strain injury is caused primarily by repeated stretching or acute single stretching in the direction of the muscle fiber. When a muscle is exposed to a loading/unloading stretching, the muscle contractile force decreases significantly (7) - (13) , and his-tological damage (7) , (10) , (12) , (13) and damage at electron-microscopic level (9) can be observed.
Many researchers have investigated the effects of the mechanical factors, such as stretch amplitude, stretch rate and muscle activity on the decrease of the contractile force, and have discussed the relation between the decrease and microstructural damage. While a lot of attention have been paid for the decrease of contractile force, change of failure properties for strain injury have not been discussed enough. Some studies showed that the muscle activity during injury-induction process does not affect the failure properties of the injured muscle (8) , (10) . Other researchers, on the other hand, reported that muscle contraction affects connective tissue damage (12) and fracture mode of muscle at electron-microscopic level (14) . The effects of stretch rate on damage are also still unclear because only a stretching at a single constant rate was applied to muscle for strain injury-induction in most of literatures.
It is expected that evaluation of failure properties enable us not only to quantify macroscopic failure properties of injured muscle but also to estimate mechanical and damage properties of passive element of muscle. Concerning this subject, it was reported in previous studies (15) , (16) that there is no significant difference between the failure force under the maximum activated condition and that under passively-stretched condition, and that the contractile force near the breaking point of muscle is relatively small. Hence, it can be thought that the failure properties of muscle reflect the mechanical properties of passive elements of muscle, such as epimysium, perimysium, endomysium, because the muscle generates little active force around the breaking point. However, the effects of stretch amplitude, stretch rate, and muscle activity during injury-induction on failure properties are still unclear, and thus it can be said that systematic quantitative evaluation of failure properties of damaged muscle is required. The purpose of this study is to evaluate the effects of muscle strain injury on failure properties and contractile properties. For this purpose, we examine the strain injury of rabbit tibialis anterior (TA) muscle induced by a single stretching under various stretch amplitude, stretch rate, and muscle activation conditions in situ. The effects of strain injury on the biomechanical factors, such as changes of contractile force, the failure stresses, and failure stretch ratios were investigated by using multiple regression analyses.
Methods

Animals and animal care
We used TA muscle of female Japanese white rabbit. Fifty-seven rabbits (body mass 2.82 ± 0.22 kg, mean ± S.D.) were used for strain injury tests and seven of them (2.88 ± 0.21 kg) were used as the control. The procedure of animal experiments in the following was approved by Nagoya University Animal Experiment Committee in accordance with the Nagoya University Regulations on the Treatment of Animal Experiments.
Surgical procedures
The following procsedure was used for the preparation. The animals were anesthetized by pentobarbital sodium (30 mg/kg) or isoflurane (2.0 %vol). Then, the TA muscle and deep peroneal nerve were exposed. Two dot markers were stained on the surface of the proximal and distal ends of the muscle belly by nigrosine to determine the muscle length. The initial length of the muscle was defined as the in situ distance between the dots at a 90-degree angle to the ankle joint. Next we inserted a Kirschner's wire (φ = 7 mm) into the tibial condyle to hold the tibia at a jig. A cross-sectional area, which was used for calculation of nominal stress, was measured by an area micrometer, which determines the cross-sectional area by compressing the specimens to rectangular sections of known width and measuring the heights of the sections by means of a micrometer head (17) , (18) . The cross-sectional area was measured at a point one-third of muscle's length from the distal end. Finally, the distal tendon of the TA muscle was cut and directly gripped by a tooth-like jig. 
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Experimental Apparatus
Mechanical experiments were conducted using an experimental apparatus developed for muscle strain injury tests shown in Fig.1 . This experimental apparatus consists of a motorized linear stage with a linear motor type actuator (GLM-20, THK), a knee holder, a load cell (LUR-A-2KNSA1, Kyowa), a digital high-speed camera (MEMRECAM fxK3, NAC Image Technology), a digital oscilloscope (DS-4264ML, IWATSU), a PC and a function generator (SG-4105, IWATSU). An animal is put in lateral recumbent position after the surgical preparation described above. The wire inserted in the tibial condyle is fixed on the knee holder, and the jig gripping the distal tendon is fixed at the linear stage. The load cell is placed at the jig gripping the distal tendon and detects the load on the muscle directly. Signals of the load cell are instantaneously stored on the digital oscilloscope during experiments, and then transmitted to a PC. The high-speed camera is set up in front of the anterior surface of TA muscle and records the movements of the markers. This camera is started by a trigger signal from the motorized linear stage to be synchronized with the output of the load cell. The movie file is transmitted from the memory of the camera to the PC after each loading procedure. The stretch amplitude of the muscle was calculated by measuring the distance between the markers on the surface of the muscle. To evaluate the effects of stretch rate on strain injury and mechanical properties of muscle, a change of extension rate during experiments should be stepwise to minimize acceleration and deceleration phases. Thus we use a linear motor type actuator that can operate with high acceleration and deceleration, and with high accuracy of positioning. The function generator is used to stimulate the muscle. A stimulation signal is transmitted to the muscle by a pair of thin wire electrodes for EMG measurement (ST. Steel 7 Strand, Teflon, A-M Systems), one of which is inserted into the distal end of the muscle belly and the other is directly clipped onto the deep peroneal nerve.
Mechanical Test Procedure
Firstly, the muscle was cyclically stretched with 7 mm amplitude (less than stretch ratio of 0.13) at the rate of 7 mm/s as a preconditioning referring to Taylor et al. (19) Next, we performed an isometric contraction test to evaluate the initial contraction force of the specimen. The specimen was stimulated by pulse signal with a frequency of 50 Hz during 10 seconds. The voltage of the amplitude of the pulse for maximum contraction was determined as tenfold the threshold for twitching following Scott et al. (20) After enough interval time to recover from fatigue caused by the first isometric contraction test (longer than 5 minutes), we induced a strain injury by applying a tension loading/unloading at 2, 20, 200 mm/s to the muscle under maximally stimulated condition (stimulated group) or without stimulation (unstimulated group). The conditions of stretch amplitude were set at 0.2, 0.25 or 0.3 of the in situ length referring to the results of Hasselman et al. (10) Dissipation energy was defined as the area of the region enclosed by the nominal stress-stretch ratio curve during this injury-induction process. As mechanical evaluations of muscle strain injury, we conducted an isometric contraction test again, and finally performed a tensile test Vol.7, No.2, 2012 of the injured muscle at 200 mm/s extension rate under the maximally stimulated condition. In the control group, the muscle was stretched until breaking without the injury-induction process, and in this case we gave the same interval times between each mechanical evaluation procedure as those in the injury induced group. Figure 2 shows the schematic diagram of the test procedure. 
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Statistical analyses
In order to find out the biomechanical factors that strongly influence the contractility and failure properties, we performed multiple regression analyses. Before performing the regression analyses, the data were checked for multicollinearity by using the correlation matrix and the variance inflation factor (VIF). We selected the ratio R iso (= F after /F before ) of the isometric contractile force F after after injury-induction process to the force F before before the process, failure stretch ratio, and failure stress as the objective variables, and stretch rate, muscle activity, stretch amplitude, dissipation energy, and maximum stress during injury-induction process as the explanatory variables. We dealt with the muscle activity as category data and assigned number 1 to the stimulated group and number 0 to the unstimulated group. The backward selection method was performed, and the threshold of P value for variable removal was set at 0.05.
Compatibility of multiple regression equation was evaluated by using the coefficient of determination adjusted for the degrees of freedom R 2 adj , defined by
where n is the sample size, p is the number of the explanatory variables, and R is the coefficient of determination. The analyses were performed using the statistical programming language "R" (21) . 
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Results
Nominal stress-stretch ratio relations for damaged and undamaged muscle
Nominal stress-stretch ratio curves of tensile tests for the injured groups and the control group are shown in Fig.3 . In these figures, green plots represent the average of the results for the control group and error bars represent the ± 1 standard deviation (S.D.). In the legends of Fig.3 , the words "20 %", "25 %", and "30 %" show the average results of the muscles injured by stretch amplitudes of 0.2, 0.25 and 0.3, and abbreviations "S" and "US" added to them mean stimulated and unstimulated conditions, respectively. While the tensile test results for stimulated group (Fig.3(a),(c) ,(e)) showed no difference against the control group, the failure stresses of the stress-stretch ratio curves for the unstimulated group (Fig.3(b) ,(d),(f)) decreased and the curves passed below the curve of the control group in all the stretch-rate and stretch-amplitude conditions during injury-induction process.
Multiple regression analyses
In order to examine the influence of each biomechanical factor during injury-induction on the contractility and failure properties, multiple regression analyses were performed. Our analyses began with an examination of potential multicollinearity. Intercorrelations among the explanatory variables and VIF are presented in Table 1 . As can be seen from Table 1 , most correlation coefficients were less than 0.7, and all of the VIF for the explanatory variables were less than 10. Thus, we conclude that we can proceed with our model without undue concern for multicollinearity. Figures 4, 5, and 6 show the relations between the objective variables and the explanatory ones. The ratio R iso (Fig. 4) , failure stretch ratio (Fig. 5) , and failure stress ( Firstly, we evaluated the ratio R iso , and compared it with the corresponding ratio in the control group. As shown in Fig.4 , the isometric contractile force after injury-induction process decreased with the increasing stretch amplitude and became lower than that of the control group. The partial regression coefficient for the stretch amplitude in Table 2 also means that the increase of the stretch amplitude decreases the isometric contractile force. The partial regression coefficient for the stretch rate in Table 2 means that the contractility decreased with the stretch rate.
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Next, the failure stretch ratios of all the experimental groups were not different from those of the control group significantly as shown in Fig.5 . Although the muscle activity and maximum stress during injury-induction were significantly correlated with the failure stretch ratio as shown in Table 3 , these factors may have little effects on failure stretch ratio because of the low compatibility of regression equation derived from the low coefficient of determination (R 2 adj = 0.1216).
Finally, as shown in Fig.6 , the failure stresses of the unstimulated group are obviously lower than those of the control and stimulated group independently of the stretch amplitude and stretch rate during injury-induction. From the results of multiple regression analyses shown in Table 4 , the value of R 2 adj = 0.7659 was the highest of the three regression equations. The high value of R 2 adj indicated that the explanatory variable explained 77% of the variance of the objective variable. Since the partial regression coefficients for the dissipation energy and stretch amplitude were negative, it can be thought that the failure stress decreases with the increase of these mechanical factors. The partial regression coefficients for the muscle activity and maximum stress, on the other hand, were positive and thus it is considered that these variables worked as the factor that inhibited the decrease of failure stress.
Discussion
Effects of stretch amplitude, dissipation energy, and stretch rate during injuryinduction on muscle damage
In the results of this study, the contractile force decreased with the increasing stretch
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Vol. Relations between the ratio R iso of isometric contractile force and stretch amplitude, dissipation energy, and maximum stress. amplitude during injury-induction. It supports the previous report of Hasselman et al. (10) , in which they pointed out the following relation between stretch amplitude and decrease of isometric contractile force for strain injury. They show that significant decreases of the isometric contractile force are observed when the stretch amplitude at the injury-induction process is larger than 0.23 and the contractile force decreases with the increasing stretch amplitude. Our results showed similar stretch amplitude dependence and demonstrated a high correlation between the decrease of the contractile force and the stretch amplitude during the injuryinduction.
The results of the multiple regression analyses showed that the stretch rate was significant for the severity of strain injury shown in Table 2 . In Fig.4 , larger decreases of the ratio R iso under 2 mm/s condition were observed in comparison with those under 20 and 200 mm/s conditions. Some researchers reported different results for dependence of contractibility on stretch rate. Brooks and Faulkner (11) and Talbot and Morgan (23) reported that rate effects are relatively weak or not significant. These results indicate that the stretch rate has little effects on the decrease of the contractile force. However, the difference of range of stretch rate, experimental protocol, and muscle fatigue, may lead to different dependency on stretch rate, and thus this point is one of the agenda to be examined in the future. Failure stretch ratio did not change regardless of whether or not loading/unloading process was applied to the muscle. According to Hasselman et al. (10) , failure stretch ratio of muscle with strain injury does not decrease in comparison with that of undamaged muscle except for the case in which 90 % of the failure force is applied to TA muscle. Since these results suggest that loading conditions during injury-induction process had little effects on the failure stretch ratio. From the regression analyses for failure stress, shown in Table 4 , the partial regression coefficients for the dissipation energy and stretch amplitude were negative. As already mentioned in Introduction, since the failure properties correspond to the damage of passive elements of muscle, it can be thought that irreversible failure of the passive part of muscle fiber and local rupture of the surrounding connective tissue were induced by excessive loading.
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Effects of muscle activity during injury-induction on muscle damage
While the ratio R iso was independent of the muscle activity during injury-induction process in this study, various results have been obtained in the literature. Uchiyama et al. (12) showed that the contractile force of plantaris muscle stretched under unstimulated condition decreases in comparison with that under stimulated condition, and the unstimulated group requires longer period to recover from strain injury than for the stimulated group. Brooks et al. (9) also reported that significantly larger decreases of isometric contractile force were observed for unstimulated muscles than for stimulated muscles. By contrast, Lieber et al. (22) showed that decrease of the contractile force for stimulated group after repeated eccentric contractions is greater than that for unstimulated group.
As interpretation of these, we deduce that there exists different injury mechanism in the stimulated and unstimulated groups. Although the effects of each factor, such as structural damage of actomyosin, sarcomere disruption, functional loss of excitation-contraction coupling due to damage of membrane, and functional disability of force transmission by extracellular connective tissue, are different between two groups, the accumulation of the effects of these factors may result in the same magnitude of decrease of contractile force as shown in our study. Several studies have shown that the damage of these factors varies depending on muscle activity during injury-induction process. Connective tissue damage becomes severer when strain injury is induced under unstimulated condition (12) . In contrast, a shift of the optimum length in the contractile force-length relation, which is part of contractile properties, occurs with only eccentric contractions (24) - (26) . These facts suggest that the contractile force decreases by different causes in the stimulated and unstimulated muscles but consequently exhibit the same magnitude of the macroscopic decrease in our experiments. The variety of results mentioned above may be yielded by difference of the damage properties caused by difference of animals, muscles, experimental protocol and so on. The failure stress for the unstimulated group was obviously lower than for the stimulated group and the control group. Moreover, in multiple regression analyses, the partial regression coefficients of muscle activity and maximum stress on failure stress were positive. These results indicate that muscle activation conduces to higher failure stress. As referred to above, it is reported that the contraction of muscle fibers prevents extensive connective tissue damage (12) . In addition, according to electron-microscopic observation of the longitudinal sections after muscle breaking (14) , it is hypothesized that there are two load-bearing systems in Z disks that are capable of force transmission across Z disks: one system consists of passive structural proteins in muscle, such as desmin and titin, and the other system consists of active, thin and thick filaments. From these results and their hypothesis, we infer that a new pathway for
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Vol. 7, No.2, 2012 tension would be formed by muscle contraction and it would hardly work under unstimulated condition. With this hypothesis, most of load to unstimulated muscle would be borne by passive elements of muscle, such as the extracellular connective tissue, cellular membrane, and other structural elements, and as a consequence, damage would be concentrated in the passive elements. Therefore, unlike in the case of the decrease of the contractile force, we consider that the decrease of the failure stress of damaged muscle would reflect the damages of connective tissue and structural element of muscle fiber directly because the failure properties are subject to the mechanical properties of these passive elements. Additionally, unstimulated muscle would be under influence of stretch reflex even though the animal was anesthetized. Since the aim of this study is to elucidate mechanical properties of skeletal muscle with strain injury, we considered the realistic accident situations. Thus we used the unstimulated condition as the basement line of muscle activation instead of an inactivated condition. For further discussion on the influence of the muscle tone on muscle damage, additional experiments should be done using inactivated skeletal muscle, isolated muscle fascicle, muscle fiber or muscle microstructure.
Our discussion is summarized as follows. While the muscle contractile elements and passive elements are damaged under stimulated condition, the passive elements are damaged severer under unstimulated condition than the contractile elements. In the results, although internal damage under stimulated condition is different from that under unstimulated condition, the decreases of contractile force under both conditions are comparable. The failure stress, which reflects the mechanical properties and damage of passive elements, of the unstimulated group, on the other hand, is lower than that of the stimulated group.
Conclusion
In this study, we evaluate the effects of biomechanical factors during injury-induction process on the contractile properties and failure properties of skeletal muscle experimentally. It was found that the decrease of contractile force was affected by the stretch amplitude during injury-induction process and was independent of the muscle activity. However, with considering the literature, it is speculated that mechanism of decrease of the contractile force varies from stimulated to unstimulated muscle. While the failure stretch ratio of injured muscle is not different from that of undamaged muscle, the failure stress decreased with the increasing stretch amplitude and dissipation energy. Furthermore, the failure stress of the muscle injured under unstimulated condition was lower than those of the muscle injured under stimulated condition and of undamaged muscle. We conclude that the decrease of the failure stress of damaged muscle would reflect the damages of connective tissue and other structural elements.
